INTRODUCTION
Inflammation plays a major role in the pathogenesis of atherosclerosis and its complications. 1 Peri-procedural minor myocardial injury related to systemic inflammation following coronary interventions can worsen the clinical outcome of patients with coronary artery disease (CAD). 2, 3 Poor oral health, especially in the form of periodontitis, is known to cause an elevation of inflammatory biomarkers, and its treatment has been linked with both acute and chronic changes in systemic inflammation in otherwise healthy individuals. 4 A recent case series reported an increased risk of mortality, due to vascular events in patients with CAD following dental treatment. 5 Epidemiologic evidence links invasive dental procedures with an increased risk of vascular events, but the mechanisms that underlie these trends remain poorly understood. 6 The acute influence of invasive dental procedures, such as exodontia upon CAD, and the possible mechanisms involved, have not been described in great detail.
Invasive periodontal treatment (nonsurgical and surgical therapy) as well as the third molar extraction cause increases in circulating markers of inflammation, coagulation, and endothelial cell activation in 7 days following treatment. [7] [8] [9] These acute changes are also associated with a transient state of vascular dysfunction and pro-coagulant state, 8 but have yet to be linked to increased mortality or clinical events in patients (healthy or with CAD). Bacteremia following exodontia and other dental treatments 10 may cause myocardial ischemia by a variety of possible mechanisms. [11] [12] [13] [14] [15] [16] [17] [18] [19] In addition, tissue injury caused by local surgical trauma is known to trigger a systemic inflammatory and pro-coagulant state. [20] [21] [22] All of the above mechanisms might add to the inflammatory burden of patients with CAD and have a direct influence on vulnerable coronary atherosclerotic plaques, leading to plaque fissuring/rupture, thrombogenesis, and/or microembolization within the myocardium, leading to microinfarcts and minor myocardial injury. 23, 24 The aim of this study was to characterize biomarker changes relevant to myocardial injury, following invasive dental procedures (predominantly dental extractions) in patients with and without coronary artery disease. Changes in circulating biomarkers of myocardial ischemia, endotoxemia, and systemic inflammation were determined before and after the invasive dental procedures.
MATERIALS AND METHODS

Study design and patient population
In this prospective clinical study, we enrolled forty-five consecutive adult patients (36 men and 9 women) referred to the Special Care Dentistry Unit of the University College Hospital NHS Foundation Trust (UCLHT) Eastman Dental Hospital or UCLHT Heart Hospital for routine pre-cardiac surgery dental assessment/ treatment. Participants were categorized into two groups, patients with and patients without CAD, by history and the available results of coronary angiography, echocardiography, or ECG. All patients in the CAD group had evidence of CAD by coronary angiography. Eligible participants were excluded if immunocompromised (e.g., organ transplant or taking immunosuppressants), had episodes of acute inflammation, or had a diagnosed chronic immune or inflammatory disease (assessed by the examining cardiologist). All patients gave informed consent and the study was approved by the National Research Ethics Service (reference number, 10/ H0715/42).
Dental examination and therapy After a baseline visit and collection of a complete medical and dental history (assessed by interview), dental status (i.e., decayed, missing, and filled teeth), oral mucosal health, and clinical periodontal parameters were recorded by a single trained clinician. All participants needed dental extractions. A single operator performed all dental treatment. A topical analgesic gel (lidocaine 2%) was applied over the site of injection of the local anesthetic. Local anesthetic (1.8 ml of articaine HCl 4% with 1:1,00,000 epinephrine carpule) was injected into the site of the tooth (or teeth) of concern. The number of carpules used was determined on a case-by-case basis according to the site of the teeth in concern, the number of the teeth, and the patient's perception to pain. According to the current National Institute for Health and Care Excellence (NICE) guidelines, 25 patients at risk of infective endocarditis were not given antibiotic prophylaxis prior to the dental treatment, unless specifically recommended by their cardiologist. When recommended (in one patient from the CAD and five from the non-CAD group), antibiotic prophylaxis was administered according to the 2006 British Society of Antimicrobial Chemotherapy (BSAC) guidelines 26 (3 g of oral amoxicillin administered 1 h prior to the procedure or 600 mg of oral clindamycin if the patient was allergic to penicillin).
Sample collection and analysis Non-fasting blood samples were obtained by a clean venipuncture from the antecubital fossa and with minimal stasis, before and 15 min and 24 h after the dental procedures. Plasma was immediately processed and stored in several aliquots at −70°C for later analysis. Analysis performed at 48 h following dental extraction did not demonstrate any significant changes of most routine hematological and chemical blood tests. 27 Biomarkers of myocardial injury. High-sensitivity cardiac troponin T (hs-TnT) was quantified according to the manufacturer's protocol in a blind fashion, using electrochemiluminiscence immunoassay (Cobas, Roche Diagnostic, Mannheim, Germany) with a detection limit of 3.0 ng/L. Since the study involved patients undergoing simple extractions, the main aim was to check for any rise in hs-cTnT, as a link between dental procedures and acute cardiovascular events and not to demonstrate a rise above a certain level to diagnose myocardial infarction, which is not expected with such procedures.
Biomarkers of systemic inflammation. A broad panel of inflammatory biomarkers was measured by a multiplex high-sensitivity assay, including interleukin-1β (IL-1β), IL-6, IL-8, IL-10, IL-12, interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) (Meso Scale Discovery, Maryland, USA). Serum C-reactive protein (CRP) was measured by immunoturbidometry (Cobas, Roche Diagnostic, Mannheim, Germany).
Endotoxin activity. Lipopolysaccharide (LPS) endotoxin activity was measured by a zymogenic assay, according to the manufacturer's instructions (Endpoint Chromogenic Limulus Amebocyte Lysate, LAL Test, Lonza, Walkersville, Maryland, USA).
Statistical analysis All data are presented as mean and standard error of the mean unless specified. Demographic data at baseline were compared between groups at baseline (CAD and not CAD groups) by paired t-test for numerical variables and Fisher's exact test for categorical variables. As no previous evidence was identified, the sample size calculation was based on a hypothetical difference in hs-cTn of 1 ng/ml between study groups (CAD and not CAD) after 24 h (SD of 1, power 90%), resulting in a N = 23 per group. Since this work represents a proof-of-concept study, no power calculation was performed. Because of the multiple variables to be analyzed and overcome the danger of obtaining spuriously significant results due to multiple testing, paired t tests were performed on all variables to compare different time points within each group. Only those variables that were found significant at the 0.05 level were analyzed using a hierarchical analysis of variance (ANOVA) with patients nested in groups and repeated measures over time. Post hoc Bonferroni comparisons were made to compare mean values at different time points in the ANOVA and a significance level of 0.025 was chosen instead of the conventional 0.05 to avoid spuriously significant results due to multiple testing. To assess the effect of any covariate that was distributed differently at baseline in the two groups, a regression analysis was performed with the outcome variable being the change in the variable of interest from one time point to the next and the explanatory variables being group, the significant demographic variable, and the interaction between the two. Following analysis of the primary marker (hsTnT), the study sample was then categorized in two groups based on whether hs-TnT increased at 24 h or not. Data were graphically tested for normality, and logarithmic or square root transformations were made as needed before applying the adequate nonparametric tests. All analysis was performed with the statistical software package SPSS 21 (SPSS Inc., Chicago, IL, USA).
RESULTS
Study patients at baseline (with and without CAD)
The CAD group comprised 28 patients (25 men and 3 women) with an age range of 41-91 years and the non-CAD group comprised 17 patients (11 men and 6 women) with an age range of 38-80 years. All patients attended the 24 -h visit follow-up and provided blood samples. There were no significant statistical differences between patients with and without CAD in terms of patient's characteristics, associated diseases/risk factors, dental procedure-related variables, and medications used by the patients, except for antibiotic cover (3.6% in the CAD group and 29.4% in the non-CAD group, p = 0.023) ( Table 1 ). The mean ± SEM values of biomarkers of all study patients and of patients with and without CAD at the three time points (pre, immediately post, and day 1 after treatment) are shown in Table 2 .
Myocardial injury. Statistically significant changes (p < 0.05) were observed following dental procedures (Table 2 ) and ANOVA analysis showed significant difference (p < 0.025) between two or more of the time points for hs-TnT (Table 3) . However, there was no statistical significant difference between the groups (CAD vs. no CAD) or in the interaction between the groups and the different time points, thus inferring that the change was similar for both groups (Table 3) . Concentrations 24 h after the dental procedure were substantially higher than those obtained immediately post procedure (Table 3 ). Graphical studies demonstrated that hs-cTnT values were normally distributed and changes in the estimated marginal means are shown in Fig. 1 .
Systemic inflammation. Graphical studies of the biomarkers of systemic inflammation demonstrated that fibrinogen and TNF-α were normally distributed, while CRP, IFN-α, IL-1β, IL-6, IL-8, and IL-12 were not; thus, the latter required logarithmic transformation before further analysis using ANOVA. Changes in the estimated marginal means of these markers are shown in Fig. 1 . Statistically significant changes (p < 0.05) were observed following dental procedures for hs-CRP, fibrinogen, IFN-γ, TNF-α, IL-1β, IL-6, IL-8, and IL-12 and no differences were noted at any of the time points for IL-10 ( Table 2) . Further analysis showed significant difference (<0.025) between two or more of the time points for hs-CRP, fibrinogen, IFN-γ, IL-6, IL-8, and IL-12 (Table 3) , which were similar for both groups with and without CAD ( Table 3) . Concentrations observed at 24 h after the dental procedure were substantially higher than those obtained immediately after the procedure for all these biomarkers and higher than those obtained before the procedure for CRP, IFN-γ, IL-6, IL-8, and IL-12 (Table 3) .
Endotoxemia. Statistical significant changes were observed following dental procedures for LPS (Table 2 ) and the kinetics of this biomarker was similar for both groups with and without CAD ( Table 3 ). Concentrations were substantially higher 24 h after the dental procedure than those obtained immediately post procedure (Table 3 ). Graphical studies demonstrated that LPS endotoxin values were normally distributed and the changes in the estimated marginal means are being shown in Fig. 1 .
As antibiotic cover was distributed differently at baseline in the two groups (Table 1) , linear regression analysis, including antibiotic cover into the modeling, demonstrated a significant effect on the change of IL-6 between pretreatment and 24 h post treatment, as well as between immediately post treatment and 24 h post treatment, but this effect was not consistent for each study group. However, only one patient within the CAD group received antibiotic cover; therefore, detailed statistical analysis of this factor was not possible.
Patients with and without hs-TnT rise
The hs-TnT rise group comprised 28 patients (22 men and 6 women) with an age range of 51-91 years and the hs-TnT non-rise group consisted of 17 patients (14 men and 3 women) with an age range of 38-86 years. There were no significant statistical differences between the two groups in terms of patient's characteristics, associated diseases/risk factors, dental procedurerelated variables, and medications used by the patients (Table 4) .
The mean ± SEM values of biomarkers of all study patients and of patients with and without hs-TnT rise at the three time points (pre, immediately post, and day 1 after treatment) are shown in Table 5 .
Systemic inflammation. Statistically significant changes were observed following dental procedures in both groups with and without hs-cTnT rise for hs-CRP, fibrinogen, IFN-γ, TNF-α, IL-6, IL-8, and IL-12, and no significant differences were noted for IL-1β and IL-10 (Table 6 ). Graphical studies of these biomarkers demonstrated that fibrinogen and TNF-α were normally distributed, while CRP, IFN-γ, IL-6, IL-8, and IL-12 were not, and thus required logarithmic (for CRP, IFN-γ, IL-6, and IL-8) and square root (for IL-12) transformation before further analysis using ANOVA. Changes in the estimated marginal means ± SEM of these markers are shown in Fig. 2 .
Endotoxemia. Statistically significant changes for LPS were observed in both groups following dental procedures (Table 6 ). Graphical studies demonstrated that LPS endotoxin values were normally distributed and changes in the estimated marginal means ± SEM are shown in Fig. 2 .
DISCUSSION
This study confirmed that dental surgery is associated with a rise in hs-TnT, bacterial LPS endotoxin, and acute systemic inflammation. These changes were similar in both patients with and without CAD, although the changes in systemic inflammation and endotoxemia were more pronounced in those with a rise in hsTnT. These findings were independent of age, gender, smoking, and other traditional cardiovascular risk factors. 
Myocardial injury
This study demonstrated for the first time statistically significant elevations of hs-TnT within 24 h following dental extractions, irrespective of whether patients had CAD or not. A previous investigation employing a conventional cTnT assay did not find a rise in cTnT levels following dental extractions. 28 The highsensitivity assay used in this study may represent the most plausible explanation for the differences with our findings. 29 While measurable, the presently observed minute increases in hs-TnT probably reflect a transitory impairment of myocardial integrity. This might be due to either increased cellular permeability and early troponin release from the cytosolic pool during ischemia (similar to those reported following strenuous exercise) 30 or the consequence of breakdown of myocytes following microthrombosis (similar to that occurring following coronary interventions) 31, 32 or a combination of both mechanisms. 33 During cardiac ischemia, cardiac myocytes develop blebs on the surface of their plasma membrane and release cytoplasmic contents, without undergoing necrosis. 34 Blebs have been defined as "bubbles" developing from the plasma membrane in response to temporary ischemia, which can either be resorbed or shed into the circulation when reoxygenation later occurs. However, when the ischemia is severe and prolonged (as in ACS), the blebs grow and collapse, and cell necrosis occurs. 34 Reversible ischemiainduced bleb release is characterized by a brief peak, and a rapid decrease and normalization within 72 h, 35 while irreversible myocyte necrosis release is characterized by a steep increase and prolonged elevation for at least 4-7 days. 36 Hence, hs-TnT measurement 4-7 days after the procedure could differentiate between the two mechanisms. Alternatively, using delayed enhancement magnetic resonance imaging, 37 myocardial microinfarction could be verified. 38 Fig . 1 Changes in the estimated marginal means ± SEM in CAD patients (red line) and non-CAD patients (green line) of hs-cTnT, inflammation markers with statistically significant changes (hs-CRP log, fibrinogen, IFN-γ log, TNF-α, IL-1 log, IL-6 log, IL-8 log, and IL-12 log), and LPS endotoxin Molecular markers relevant to myocardial injury following dental. . . K.M. Habbab et al.
The clinical significance of the present observations in patients with CAD remains to be established. Indeed, peri-procedural minor myocardial injury detected by cardiac troponin following coronary interventions is associated with a worsened cardiac outcome of CAD patients. 2, 3 If proven of clinical significance, the protocols for even minor invasive dental treatment in patients with CAD would need to be revisited. Further support for the present findings comes from the epidemiologic evidence of a modest but statistically significant increase of acute vascular events following invasive dental procedures in a large US sample 9 and a recent observation of a case-series report of major adverse outcomes associated with planned exodontia before cardiac operations. 5 Then again, a recent study reported that Medicare beneficiaries who underwent dental procedures within 30-180 days after an ischemic vascular event were not at an increased risk of experiencing a second event. 39 However, this report was based on a combined survey and administrative data set and did not contain clinical or laboratory diagnostic information. In addition, the survey recorded many noninvasive dental procedures, including radiographs, examinations, restorations, crowns, bridges and complete and removable dentures, orthodontics, and other services, which are not expected to trigger vascular injury. 39 
Systemic inflammation
Intensive periodontal treatment (including dental extractions) leads to transient impaired brachial artery flow-mediated dilation (a measure of endothelial function) and increased markers of inflammation and endothelial activation in the first 30 days after treatment and then followed by a progressive improvement 6 months after baseline. 5, 7 The more invasive the dental treatment, the greater the rise in inflammation markers. 8 In this investigation, a large array of inflammatory biomarkers increased following dental treatment, confirming that a simple dental extraction can trigger a systemic inflammatory response, possibly due to endotoxemia and local tissue injury. The rise in hs-TnT in the same patients might support the involvement of systemic inflammatory response in the etiology of ischemia/injury observed following coronary interventions in CAD patients, 31, 32 which is possibly caused by the induction of thrombogenesis and/or microembolization within the myocardium, leading to microinfarcts.
Bacterial burden Bacteremia following invasive dental procedures or simple tooth brushing or even chewing has been previously established. [40] [41] [42] [43] [44] [45] [46] [47] Collagen-like molecule on the surface of Streptococcus sanguis and Porphyromonas gingivalis can induce a hypercoagulable state by increasing serum fibrinogen, white blood cell number, and platelet aggregation. [10] [11] [12] The results of this study confirm a raised endotoxin activity 24 h following dental extraction, which might explain the induction of a hypercoagulable state and suggest either a direct pathogen effect at sites distant from the oral cavity or host inflammatory/immune response. 48, 49 Low levels of endotoxin induce inflammatory responses in human monocytes and macrophages, and vascular smooth muscle cells and intact human blood vessels also exhibit a profound cytokine release, superoxide production, and monocyte adhesion in response to exodontia. 15, 16 In addition, LPS can significantly decrease fibrous cap thickness and increase macrophage and lipid contents of atherosclerotic plaques, which can lead to their disruption. 49 In vivo studies have demonstrated that increased LPS endotoxin levels due to infection or sepsis can cause apoptosis through the activation of caspases in myocardial cells via the induction of proinflammatory acute-phase proteins and cytokines within these cells, resulting in contractile dysfunction and sarcomeric destruction that are reflected in an increase in peripheral blood troponin levels. 37, 38 The significantly increased levels of LPS endotoxin in these patients might be associated with similar cellular events, which may provide another or additional mechanism by which hsTnT levels increase following dental extraction.
In summary, this study demonstrated that dental surgery is associated with potential minor myocardial injury in the form of increased hs-TnT levels. It also confirmed that exodontia is also associated with a rise in bacterial LPS endotoxin and acute systemic inflammation. These changes were similar in both patients with and without CAD, although the changes in systemic inflammation and endotoxemia were more pronounced in those with a rise in hs-TnT. As consequences of bacteremia and local trauma and tissue injury, these changes suggest a possible connection between these mechanisms and minor myocardial injury following dental surgery as summarized in Fig. 3 . Several limitations should be considered in this study. First, most of the studied patients were older males (mean age of 69 ± 12 years) with some form of vascular diseases. Indeed, the non-CAD patients may still have a non-obstructive CAD with a considerable degree of inflammatory atherosclerosis, which possibly explains the lack of significant difference between the groups. Future studies should recruit more patients and include a greater proportion of females, younger subjects, and healthy controls (disease free). Second, the presence of several confounding factors, such as sedation, extent of dental extraction, use of antibiotic prophylaxis, and the use of preoperative GTN could have influenced our results. These factors could have masked an expected significant difference between the groups and between the time points of the biomarkers examined. Such confounding factors should be taken into account in future studies. Third, the study did not include early samples following dental extraction, resulting in a lack of evidence of an early rise of various inflammatory markers (such as IL-1β, TNF-α, and P-selectin). Future studies should thus include earlier sampling methods to characterize the kinetics of the immediate (6-12-h) host response. An additional limitation is the lack of any microbial (bacterial) serum/plasma quantification to assess whether the alterations seen were also correlated with the level of circulating bacterial endotoxins (which represent mainly the gut rather than oral microflora activity). Nevertheless, this is the first study to propose a number of plausible mechanisms, including minor myocardial injury, as assessed by increased hs-TnT levels as a possible link between invasive dental treatment and acute cardiovascular events. IL interleukin, IFN-γ interferon-γ, hs-TnT highly sensitive troponin T, hs-CRP highly sensitive C-reactive protein, LPS lipopolysaccharide, TNF-α tumor necrosis factor-α Values = mean ± SEM a n = 28 for all except for fibrinogen = 27 b n = 17 for all except for fibrinogen = 16 
CONCLUSION
Simple dental extractions were associated with potential minor myocardial injury in the form of increased hs-TnT levels in both patients with and without CAD, representing a possible link between invasive dental treatment and increased risk of acute cardiovascular events. Exodontia was also associated with acute systemic inflammation and endotoxemia, independent of age, gender, associated diseases and risk factors, dental procedure, or medication differences. These changes were more evident in those patients with hs-TnT rise. If replicated in larger studies, the present observations indicate that invasive dental treatment (as simple as a single dental extraction) could negatively affect upon the myocardial health of dental patients, especially those with CAD. Fig. 2 Changes in the estimated marginal means ± SEM in patients with hs-cTnT rise (red line) and patients without hs-cTnT (green line) of inflammation markers with statistically significant changes (hs-CRP log, fibrinogen, IFN-γ log, TNF-α, IL-6 log and IL-8 log, and IL-12 Sqrt) and LPS endotoxin Fig. 3 Possible mechanisms of myocardial injury following dental extraction. CRP, C-reactive protein; IL, interleukin; ICAM, intercellular adhesion molecule; LPS, lipopolysaccharide; P. gingivalis, Porphyromonas gingivalis; S. sanguis, Streptococcus sanguis; TNF-α, tumor necrosis factor-α; VCAM, vascular cell adhesion molecule
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